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Abstract: Members of the Fusarium graminearum species complex (FGSC) are important 

pathogens on wheat, maize, barley, and rice in China. Harvested grains are often 

contaminated by mycotoxins, such as the trichothecene nivalenol (NIV) and deoxynivalenol 

(DON) and the estrogenic mycotoxin zearalenone (ZEN), which is a big threat to humans 

and animals. In this study, 97 isolates were collected from maize, wheat, and rice in 

Jiangsu and Anhui provinces in 2013 and characterized by species- and chemotype-specific 

PCR. F. graminearum sensu stricto (s. str.) was predominant on maize, while most of the 

isolates collected from rice and wheat were identified as F. asiaticum. Fusarium isolates 

from three hosts varied in trichothecene chemotypes. The 3-acetyldeoxynivalenol 

(3ADON) chemotype predominated on wheat and rice population, while 15ADON was 

prevailing in the remaining isolates. Sequence analysis of the translation elongation factor 

1α and trichodiene synthase indicated the accuracy of the above conclusion. Additionally, 

phylogenetic analysis suggested four groups with strong correlation with species, 

chemotype, and host. These isolates were also evaluated for their sensitivity to 

carbendazim and mycotoxins production. The maize population was less sensitive than the 

other two. The DON levels were similar in three populations, while those isolates on maize 

produced more ZEN. More DON was produced in carbendazim resistant strains than 

OPEN ACCESS 



Toxins 2014, 6 2292 

 

sensitive ones, but it seemed that carbendazim resistance had no effect on ZEN production 

in wheat culture. 

Keywords: Fusarium graminearum; trichothecene chemotype; genetics relationships; 

mycotoxin production; carbendazim resistance 

 

1. Introduction 

Members of the Fusarium graminearum species complex (FGSC) can infect cereal crops, including 

wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), maize (Zea mays L.), and rice (Oryza 

sativa L. ) and noncereal crops, including potato (Solanum tuberosm L.) and sugar beet (Beta vulgaris L.) 

across the world, causing diseases, including Fusarium head blight (FHB) and Gibberella ear rot 

(GER) [1,2]. Besides reducing yield and quality due to the formation of empty grains, the pathogens 

contaminate infected grains with significant levels of deleterious mycotoxins including trichothecenes 

and the estrogenic mycotoxin zearalenone (ZEN) [3–5]. Trichothecene toxins, such as deoxynivalenol 

(DON) and nivalenol (NIV), may inhibit eukaryotic protein biosynthesis and have been implicated in a 

number of human and animal mycotoxicoses [6,7]. Trichothecenes were also proved to be phytotoxic 

and act as virulence factors on some sensitive plants [8,9]. ZEN is also a major concern, though it has 

relatively low toxicity and carcinogenicity levels, it can cause hyperestrogenism and reproductive 

problems in animals [10,11]. Therefore, even low levels of these toxins in raw grain can make them 

hazardous to human or animal health. 

To date, at least 16 phylogenetically distinct species have been identified and described in the 

FGSC (F. graminearum species complex) [12–16]. Most species appear to be restricted to specific 

geographic regions [17]. In North America and Europe, F. graminearum sensu stricto (s. str.) is dominant 

according to the investigation of Fusarium spp. composition and population structure [12,13,16].  

F. asiaticum and F. graminearum s. str. were found to be the predominant etiological agents of FHB in 

Asia, including Japan and Korea, although their distribution varies depending on the sampling  

sites [18–21]. In China, the majority of F. graminearum s. str. isolates are found in cooler northern 

regions, and F. asiaticum mainly exists in warmer wheat-growing regions where FHB epidemics occur 

most frequently [22]. 

FGSC species can produce several mycotoxins and type B trichothecenes are the most common 

toxic metabolites found in infected cereals [23]. DON is associated with feed refusal, vomiting and 

suppressed immune functions, and NIV is more toxic to humans and domestic animals than DON [24]. 

Strains of FGSC usually produce one of the three trichothecene profiles: (i) deoxynivalenol and 

3-acetyldeoxynivalenol (3ADON chemotype); (ii) deoxynivalenol and 15-acetyldeoxynivalenol 

(15ADON chemotype); or (iii) nivalenol, its acetylated derivatives and low levels of DON  

(NIV chemotype) [25]. These mycotoxin chemotypes showed different geographical distributions and 

appeared to be associated with toxigenic species. The NIV chemotype has been reported in several 

countries in Africa, Asia, Europe, and America [16,26–29], whereas the DON chemotype is more 

common all over the world. 



Toxins 2014, 6 2293 

 

Various molecular tools have been developed and used for the identification of pathogen and the 

analysis of the genetic diversity of the natural population. Some house-keeping genes including 

beta-tubulin, calmodulin, MAT alleles, translation elongation factor 1α (EF-1α), H3 histone and the 

internal transcribed spacers were applied in the phylogenetic analysis. More and more phylogenetic 

studies of Fusarium revealed that EF-1α appears as the most useful genetic marker [30,31].  

The majority of Fusarium species produce toxic secondary metabolites and the key biosynthetic genes 

are clustered and conserved. Recently, many key secondary metabolite biosynthetic genes in TRI and 

FUM clusters were successfully used for species and chemotype identification and phylogenetic 

researches [32]. It was reported that individual TRI genes of Fusarium belonging to different 

trichothecene chemotypes practically reflected the groupings based on the chemotype [12]. Recently, 

TRI5 were proven to contain enough intraspecific divergence and could be developed for phylogenetic 

analyses in the latest report about F. equiseti [33]. 

In recent years, numerous studies have been conducted to examine species and trichothecene 

chemotypes diversity among FGSC isolates infecting wheat and barley in the middle and lower 

reaches of the Yangtze River [22,34–37]. However, few have investigated the diversity of the FGSC 

obtained from infected maize and rice in this region. In fact, it has been reported that FGSC can also 

cause significant losses on them in other regions. Since the first report of this fungus on rice [38],  

it has been known to exist in most of the rice growing regions in the world and there have been several 

reports of scab on rice in Asian countries, including Korea, Nepal, Japan, and India, in recent  

years [20,26,39]. The disease usually does not cause heavy damage, but can be severe under conditions 

favorable to disease development [20]. The fungus can also cause stalk and ear rots of maize with 

contamination of mycotoxins [40]. Demonstrating the distribution of FGSC and their trichothecene 

chemotypes in cereal crops will help understanding the relevance between disease and mycotoxin 

contamination, and thus is critical for developing effective management strategies to control the 

disease and mycotoxins contamination. 

The economic and social impact of plant diseases caused by FGSC highlights the necessity of an 

effective control strategy. Various strategies have been developed to control FHB or GER and to 

reduce mycotoxin contamination of crops, with chemical control having an important role in an 

integrated FHB control program [41]. Carbendazim and other benzimidazole fungicides, which act by 

inhibiting mitosis, have been shown to be effectively against a variety of plant pathogenic fungi, 

including most of the ascomycetes and some deuteromycetes, and have been used to control plant 

dieases over the past three decades [42]. Members of FGSC may become resistant to this fungicide, 

then, besides the reduced effectiveness, it is very important to know the impact of fungicide resistance 

on mycotoxin production. There were several previous studies which reported the potential risk of 

increased contamination of agricultural products due to the appearance of mycotoxigenic isolates resistant 

to site-specific fungicides. 

In this context, a large number of Fusarium strains were isolated from wheat, rice and maize in 

Jiangsu and Anhui provinces, located in lower reaches of Yangtze River, and the objective of this 

study was to: (i) determine the species identity and trichothecene chemotypes of FGSC isolates;  

(ii) analyze genetic structure of FHB pathogens from different hosts; (iii) assess the reaction of 

Fusarium isolates to carbendazim; and (iv) measure DON and ZEN production. 
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2. Results and Discussion 

2.1. Species Composition 

A total of 97 isolates from 24 sampling sites from two provinces were morphologically identified as 

members of FGSC according to Leslie and Summerell [40]. These included 33 isolates from maize,  

30 isolates from rice and 34 isolates from wheat. PCR analysis with the Fg16F/R primers revealed that 

each isolate carried a 410-bp or 497-bp DNA fragment. Among the 97 isolates assayed, 73 isolates 

(75.26%) were identified as F. asiaticum, and the remaining 24 isolates (24.74%) belonged to  

F. graminearum s. str. (Table 1, Figure 1 and Figure 2). The vast majority, among the isolates 

collected from maize, were identified as F. graminearum s. str. (69.7%) (Table 1, Figure 1 and  

Figure 2). In contrast, the composition of FGSC on wheat and rice was different than that was 

observed on maize. The proportion of F. asiaticum isolated from rice and wheat reached 100% and 

94.3%, respectively (Table 1; Figure 1 and Figure 2). 

Table 1. Geographical origin, numbers, species, and trichothecene chemotypes of 

Fusarium populations from rice, maize, and wheat. 

Host County Numbers 
F. asiaticum F. graminearum 

3ADON 15ADON NIV 15ADON 

Rice 

Rudong 6 4  2  

Jiangdu 5 3 1 1  

Dongtai 5 2 2 1  

Xinghua 5 4  1  

Baoying 4 2  2  

Sheyang 5 3 2   

Subtotal 30 18 5 7  

Maize 

Qidong 4 1 1  2 

Huoqiu 3  1 1 1 

Dafeng 4 1  2 1 

Suixi 3  1  2 

Lingbi 4 2   2 

Siyang 5    5 

Sheyang 3    3 

Xinyi 3    3 

Peixian 4    4 

Subtotal 33 4 4 3 23 

Wheat 

Huoqiu 4 2  1 1 

Rudong 5 3  2  

Lixin 4 2  2  

Huaiyuan 4 3  1  

Xinghua 4 4    

Sixian 5 4  1  

Shuyang 4 3  1  

Tongshan 4 4    

Subtotal 34 25  8 1 
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Figure 1. Consensus phylogenetic tree for the isolates in this study, created on the basis of 

the translation elongation factor 1α (EF-1α) sequences. The dendrogram was constructed 

by the neighbor-joining approach and tested by bootstrapping (10,000 replicates) with a 

cut-off value of 50%. Three strains of F. graminearum (NRRL 28063, 34587 and 52929) and 

four strains of F. asiaticum (NRRL 6101, 26156, 31734, and 34578) were used as references. 

 

2.2. Trichothecene Chemotypes Determination 

Trichothecene types were determined using the single and multiplex PCR, and consistent results 

were obtained for all the isolates. Fusarium isolates from three hosts varied in trichothecene 

chemotypes. The DON chemotype was predominant among isolates from maize (90.9%), while the 

3ADON and 15ADON chemotypes reached 12.12% and 78.78%, respectively (Table 1; Figure 2). 

Based on TRI5 gene sequence, we also got the same conclusion about the trichothecene genotypes 

(Figure 2). FGSC species on wheat in this region were predominantly 3ADON producers (73.53%) 

(Table 1; Figure 2). In rice population, all three trichothecene types were identified, with 18 (60%) 

being of the 3ADON type, 5 (16.67%) and 7 (23.33%) being of the 15ADON and NIV type, 

respectively (Table 1; Figure 2). 
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Figure 2. Consensus phylogenetic tree for the isolates in this study, created on the basis of 

the trichodiene synthase (TRI5) sequences. The dendrogram was constructed by the 

neighbor-joining approach and tested by bootstrapping (10,000 replicates) with a cut-off 

value of 50%. The F. graminearum s. str. 52L (KF853416.1) strain and F. asiaticum 

SCK04 (KF76594.1) strain were used as the reference. Abbreviations used for the 

chemotype, species and host species: 3ADON:3-acetyldeoxynivalenol; 15ADON: 

15-acetyldeoxynivalenol; NIV: nivalenol; F.a: Fusarium asiaticum; F.g: Fusarium 

graminearum; Os: Oryza sativa; Zm: Zea mays; Ta: Triticum aestivum. 

 

2.3. Phylogenetic Analysis 

An internal fragment in EF-1α gene of about 620 bp in 97 isolates was amplified and sequenced. 

EF-1α gene sequences of several F. graminearum s. str. and F. asiaticum strains from GenBank 

database were downloaded and applied in the phylogenetic study as references. The phylogenetic 

dendrogram obtained from the partial EF-1α gene sequence is shown in Figure 1. All the  

F. graminearum s. str. isolates, including 23 from maize and one on wheat, fell firmly into one cluster. 

The remaining F. asiaticum strains were divided into two clusters. One cluster contained 12 isolates 

plus one reference NRRL34578 and this cluster were closer to the F. graminearum s. str. cluster. The 

rest of F. asiaticum strains and three reference strains were classified into the other cluster. Based on 

EF-1α sequencing, we got the same conclusion with Fg16F/R composition. 
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The expected 540 bp fragment of TRI5 gene of 97 isolates were amplified and sequenced. TRI5 

gene sequences of several F. graminearum s. str. and F. asiaticum strains from GenBank database 

were downloaded and applied in the phylogenetic study as reference. The phylogenetic dendrogram 

obtained from the partial TRI5 gene sequence is shown in Figure 2. All the isolates were grouped into 

three clusters. The four populations identified by TRI5 sequence analysis showed significant 

correlation with both species, chemotype and host of plants. All F. graminearum s. str. isolates with 

15ADON chemotype were assigned to a cluster and we called it Fg15ADON. Fg15ADON was mostly 

composed of those isolates on maize. Most F. asiaticum strains (64.4%) with 3ADON type were 

distributed to the cluster named Fa3ADON and these strains collected primarily from rice and wheat. 

Fa15ADON consist of 15ADON producer of eight F. asiaticum strains, including three on maize and 

five on rice. Fa15ADON and Fa3ADON were classified to one cluster. We named the last cluster 

FaNIV as those F. asiaticum strains produced NIV and they were isolated mainly from wheat rice. 

FaNIV was closer to Fg15ADON. 

2.4. Sensitivity of the Fusarium Isolates to Carbendazim 

PDA plates containing 1.4 μg/mL carbendazim were used to test all isolates for their sensitivity to 

this fungicide. 14 isolates were determined to be naturally resistant to carbendazim, including nine isolates 

from wheat and five isolates from rice. All 33 isolates collected on maize were sensitive to carbendazim. 

The carbendazim EC50 values of sensitive isolates from wheat ranged from 0.47 to 0.77 μg/mL, and 

the average (± SE) EC50 value was 0.6 ± 0.06 μg/mL. The EC50 values of the 25 sensitive isolates from 

rice were 0.58 to 0.79 μg/mL, with a mean of 0.66 μg/mL. Those isolates collected from maize were 

less sensitive to carbendazim, the inhibition ratio was about 55% by 1 μg/mL carbendazim addition  

(Figure 3) and EC50 values averaged 1.16 ± 0.2 μg/mL. The EC50 values of individual isolate to 

carbendazim were listed in Table S1. 

Figure 3. Effects of carbendazim on mycelial linear growth of the isolates from maize, 

wheat, and rice. All strains were grown for three days on PDA media amended with 0 (CK) 

and 1 μg/mL carbendazim. 
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2.5. Chemical Analysis of DON and ZEN 

The results of DON and ZEN production of all isolates were acquired. Analysis of variance results 

showed that the isolates did not differ significantly (p < 0.05) in production of DON. The isolates from 

maize produced significantly (p < 0.05) higher amounts of ZEN compared with those on wheat and 

rice. The average value of ZEN production of individual isolate from wheat, rice, and maize was 0.37, 

0.39 and 0.99 μg/kg, respectively (Figure 4). 

Figure 4. DON and ZEN production of the isolates in this study from different hosts. 

Means with different letters are significantly different (** p < 0.05). Error bars represent  

standard deviations. 

 

DON and ZEN production of Fusarium isolates were also analyzed based on their sensitivity to 

carbendazim. More DON (p < 0.05) were produced by resistant strains (1.69 ± 0.79 μg/kg) than 

sensitive strains (0.69 ± 0.71 μg/kg). However, there was no significant difference (p < 0.05) in the 

production of ZEN by resistant (0. 54 ± 0.38 μg/kg) and sensitive strains (0.6 ± 0.71 μg/kg). DON and 

Zen production of individual isolate to carbendazim were listed in Table S1. 

2.6. Discussion 

Our results indicated FGSC from rice, wheat and maize were genetically different and identified as  

F. graminearum s. str. and F. asiaticum. Because many previous reports indicate these two species are 

predominant in southern China, it is fast and simple to use Fg16F/R for population analysis in our 

region. In the previous text, we have discussed this matter [43]. Here, all of the isolates were identified 

by the Fg16F/R primers and analyzed of EF-1α and TRI5 sequence. The EF-1α gene has been applied 

successfully in a variety of researches of Fusarium species molecular taxonomy. Recently, an 

increasing number of studies about secondary metabolite biosynthetic genes as useful methods in  

the researches of phylogenetic relationships among Fusarium species were reported [32]. The 

corresponding results were obtained and those isolates were accurately divided into F. graminearum s. str. 

and F. asiaticum. However, no more clear clades of individual isolate in relation to different host plant 

was observed as the limited intraspecies divergence of EF-1α sequence. Based on these findings,  
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it is likely that TRI5 can be exploited in phylogenetic researches. The latest instance of advantages of 

TIR5-based phylogeny in F. equiseti isolates from Italy and Poland was presented by Stępień et al. [32]. 

When EF-1α and TRI5 phylogenetic tree were compared, three distinct groups of F. asiaticum 

isolates from the EF-1α tree seem to be more dispersed when the TRI5 sequence is analyzed. The 

comparison of the partial TRI5 sequences of all isolates studied originating from different hosts 

allowed to differentiate the chemotype-related groups more clearly than in the case where the EF-1α 

sequences were used. All F. asiaticum isolates could be grouped in three genetically distinct clusters, 

NIV, 3ADON, and 15ADON, respectively. All F. graminearum s. str. isolates were classed to 

15ADON population. 478 F. asiaticum isolates from China and Japan were clustered into 3 

populations by Karugia et al. [44], with variable number of tandem repeats (VNTR) markers, and each 

population showed significant correlation with chemotype. Zhang et al. [37] divided F. asiaticum 

isolates into two populations with NIV and 3ADON chemotype with the same method. The current 

study showed similar results. On the other hand, genes from the fumonisins biosynthetic gene cluster 

were already explored as good targets for phylogenetic studies and useful in revealing the intraspecific 

polymorphism, specifically correlated with the host plant [32]. As the host has an important influence 

on species composition, no obvious groups were examined; however, most isolates were dispersed 

across all groupings with correlation to the host origin and those isolates from the same host are 

distributed more closely. A lager amount of isolates or new target genes could be applied to study the 

effect of host on genetic variability. Studies of F. graminearum populations have been conducted in 

different geographic regions; for instance, China [32], Japan [44], the United States [45,46],  

Germany [47] and Argentina [48]. Populations of F. graminearum have high levels of genotypic 

diversity, which means that recombination exists regularly in F. graminearum populations. Great 

efforts were made on populations from wheat and barley, and the information on F. graminearum 

populations from rice and maize is rare. Furthermore, most studies focus on FGSC members from a 

single host and there is little research describing variation in original host. 

F. asiaticum was in the majority of F. graminearum clade species on wheat and rice, while  

F. graminearum s. str. predominated in F. graminearum clade species on maize. These results were 

different from that observed in other cereals in China. Zhang et al., [35] and Shen et al. [49] suggested 

that most Fusarium isolates collected from scabby wheat were F. asiaticum. Recently, a total of  

620 isolates from diseased maize ears in 19 provinces throughout China were analyzed and  

Ndoye et al. [50] found that 359 isolates were F. asiaticum. The lineage composition of FGSC 

populations appears to be host and location dependent. In Korea, 75% of the FGSC members from 

maize belongs to lineage 7 (F. graminearum s. str.) [21], more than 80% isolates from rice belongs to 

lineage 6 (F. asiaticum) [20]. In southern America, the occurrence of F. asiaticum neatly overlaps with 

rice-growing areas in Louisiana [29]. They supposed that F. asiaticum has a host preference and 

specificity to rice, and perithecium production typically favors rice straws under warmer conditions. 

Zhang et al. [37] collected the average data of rice, wheat, and maize, and found a strong association 

between the occurrence of F. asiaticum and the predominant crops. F. asiaticum has not been detected 

in northern China where rice is not rotated with wheat in the same field. Therefore, F. asiaticum may 

be more fit only in a rice agro-ecosystem. 

The distribution of Fusarium species also may be correlated with annual temperature. The relative 

proportion of F. graminearum s. str. and F. asiaticum in the population could depend on temperature 
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rather than host preference. Qu et al. [22] reported that the vast majority of F. asiaticum isolates in 

China were collected from warmer regions, where the annual average temperature is 15 °C or higher. 

In Japan [19] and Korea [20], F. asiaticum dominated in warmer regions and F. graminearum s. str. 

dominates in cooler regions. However, some reports indicated that temperature may not be the only 

factor affecting the distribution of Fusarium species. Zhang et al. [37] reported that the amount of  

F. graminearum s. str. isolates in the southwest region was significantly larger than that in Yangtze 

River region; nevertheless, the average temperature of southwest region was even a little higher. It is 

difficult to draw a clear conclusion as there are some other possible explanations including relative 

humidity, cropping practices, etc.  

This study developed an overall profile of FGSC from different hosts in the middle and downstream 

regions of the Yangtze River. All three types of trichothecenes were found but the chemotype 

composition of F. graminearum s. str. and F. asiaticum was significantly different. All of the  

F. graminearum s. str. isolates were 15ADON producers, while F. asiaticum isolates contained 

3ADON and NIV chemotypes. The chemotype composition appeared to be phylogenetic species 

dependent [35,49]. Furthermore, the distribution of three trichothecenes differed among hosts.  

In China, F. asiaticum strains with NIV chemotypes from maize account for 97% of the total strains, 

while the same species from wheat mainly produced 3ADON. F. graminearum s. str. from both maize 

and wheat only produce 15ADON [35,50]. In Korea, the majority of Fusarium isolates from rice 

belong to NIV genotype [20]. For Korean isolates collected from maize, all F. graminearum s. str. 

isolates had DON genotype, whereas most F. asiaticum isolates had NIV genotype [21]. In contrast, 

there were no apparent chemotype differences between maize, barley and wheat in some surveys, 

suggesting that chemotype differences within F. graminearum are not particularly critical in host 

associations. In France, the 15ADON chemotype was predominant among isolates collected from 

barley, wheat and maize and accounted for 255 of the 294 isolates and only one isolate with 3ADON 

chemotype was detected [51]. This view cohered with the results observed in South Africa.  

Boutigny et al. [52] reported that 15ADON producers were superior to others. Variations in chemotype 

composition among FGSC members could be attributed to variation in hosts, geographic area, years, or 

agricultural practices. 

Most of the strains in this study from maize and wheat produce DON, while DON and NIV 

chemotypes are detected with almost similar proportion in the strains from rice. These results are 

consistent with the hypothesis that the strains pathogenic to maize and wheat usually are DON 

producers [21]. In wheat and maize, trichothecene biosynthesis alters strain aggressiveness, with 

DON-producing strains perceived as more virulent than NIV-producing strains [53]. Trichothecene 

production is not considered important in aggressiveness towards rice. Maybe the selection for DON 

producers has occurred within the F. graminearum s. str. populations on maize and wheat. 

One of the important aims of this study was to explore the influence of original host on the population 

differentiation and we found a minimal variation in the population structure of F. graminearum populations 

between the three hosts. Population analysis showed strong evidence for high genetic diversity and gene 

flow and low genetic differentiation among populations from wheat, maize and rice, indicating relatively 

high genetic exchange among them to maintain a single large population. Previous report found similar 

results for F. graminearum populations from barley, wheat, potato and sugar beet [54]. F. graminearum 

populations overwinter on rice and produce perithecium which is the primary source of infection. In the 
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rotational cropping systems, F. graminearum propagules from previous crop residues within 

surrounding fields may play an important role in genetic exchange between different host populations. 

An initial objective of this text was to study the variety of carbendazim sensitivity of F. graminearum 

isolates from different hosts, as there was less report about the effect of host of origin on fungicide 

efficiency. Only 13 isolates were resistant to carbendazim and all belonged to F. asiaticum. These 

results were in agreement with the previous study in this region [43], which showed that the 

percentage of carbendazim resistance isolates was higher in F. asiaticum. Wang et al. [55] documented 

that colonies of F. asiaticum developed normally at a carbendazim concentration of 5.0 μg/mL, 

indicating that F. asiaticum was highly tolerant to carbendazim. In this text, all F. graminearum s. str. 

isolates were sensitive to this fungicide and it seemed that this species was less likely to become 

resistant to carbendazim. Maize population was less sensitive to carbendazim with higher EC50 values, 

but no resistant isolate was detected in this population. Fungicide was rarely used in maize fields and it 

can be inferred that increasing use of carbendazim aggrandized the selection pressure and accelerate 

the occurrence of resistance. As there was diversity in carbendazim resistance of F. asiaticum isolates from 

varied hosts, it can be speculated that fungicide sensitivity was influenced by species and infected host.  

More and more researchers paid attention to the use of fungicides and possible effects on 

mycotoxigenic fungi and mycotoxin production [56]. Researches with laboratory and field isolates 

have shown that the risk for resistance to fungicides exists in mycotoxin-producing fungi, and there is 

strong evidence that the inappropriate use of fungicides in the management of crop diseases may 

reduce sensitivity of certain mycotoxin-producing fungi, and increase toxic contamination of agricultural 

products. Previous work by D’Mello et al. [57] reported that production of the trichothecene 

mycotoxin 3ADON by F. culmorum was affected by the sterol biosynthesis inhibiting fungicide 

difenoconazole resistance. A higher mycotoxin production (T-2 toxin, 4,15-diacetoxyscirpenol, and 

neosolaniol) has also been found in a carbendazim resistant strain of F. sporotrichioides [58]. Zhang  

et al. [59] found that mutants at codon 167 involved in carbendazim resistance produced significantly 

more trichothecenes than their wild-type progenitor did. More recently, laboratory mutant strains of  

F. verticillioides and F. gramineraum showed that DMI-resistance induced increased persistence of 

fumonisins and trichothecenes, respectively [60,61]. Similarly, Becher et al. [62] found that 

tebuconazole resistant isolates of F. graminearum produced significantly higher levels of NIV 

compared to the parental sensitive isolate. In addition to the trichothecene NIV, the polyketide 

mycotoxin ZEN was analyzed and found to exhibit a high variability between different spikelets that 

were infected by the same fungal strain. Though it is impossible to render statistical evaluation of 

differences among strains and treatments, it seems that the average ZEN quantity of tebuconazole 

resistant isolates was higher. 

Mycotoxins production of F. graminearum field strains varied widely and the effect of carbendazim 

resistance on mycotoxins production was apparent only when large numbers of resistant and sensitive 

strains were analyzed. In the present study, a significant larger amount of the DON was found in 

carbendazim-resistant strains compared to sensitive isolates, while carbendazim resistance did not play 

an important role in ZEN production. Any attempt to explain the correlation between carbendazim 

resistance and the increase of DON production in F. graminearum would be speculative. Increased 

efflux is a common mechanism responsible for both resistance and enhanced mycotoxin secretion, but 

there is no satisfactory explanation for different phenotypes and specificity of resistance at the same 
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time in the case of F. graminearum. Zhang et al. [59] hypothesized that carbendazim resistance 

resulted in increased trichothecene production by F. graminearum strains through increasing Tri5 gene 

expression. There are different synthesis mechanisms of DON and ZEN and it would be helpful to 

research the effect of mutations at codons involved in carbendazim resistance on some genes relevant 

to ZEN production. It seems that the relation between F. graminearum resistance and increased 

mycotoxin production remains to be uncovered. 

3. Experimental Section 

3.1. Fungal Isolates 

Diseased wheat spikes, maize ears and rice seeds were collected near harvest time in 2013 from 

approximately 24 counties in Anhui and Jiangsu provinces (about 242,600 square kilometers), China 

(Figure 5). The size of each sampling site was provided in Table 1. All samples were soaked in 5% 

sodium hypochlorite for 10 min, rinsed in sterile water for 10 min, placed on a sterile filter, transferred 

on the plate of potato dextrose agar medium (PDA) and then incubated at 25 °C for 4–7 days. Then 

conidia produced by mung bean broth (MBB) were spread on PDA and a single conidium was 

isolated. Isolates were maintained on PDA and kept at 4 °C for short-term storage and at −80 °C for 

long-term storage. 

Figure 5. Localization of field samples used in this study to collect FGSC isolates.  

N: number of wheat, barley or maize samples. 

 

3.2. Identification of F. graminearum and Trichothecene Genotype 

Each single spore strain grew on PDA plates for 3 days and genomic DNA was extracted from 

harvested aerial mycelia with a cetyltrimethylammonium bromide (CTAB) method [40]. 
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DNA from all isolates were amplified by PCR with the Fg16F/R primers which produce 

polymorphic products (400–500 bp) of the F. graminearum species complex. The 410-bp DNA 

fragment was amplified from the isolates belonging to SCAR 1, while the 497-bp fragment was 

generated from the isolates of SCAR 5 [22,63]. 

Single and multiplex PCR assays were performed for detection of trichothecene genotypes. 

Chemotypes of the FGSC isolates were determined using the specific primer pair designed by  

Li et al. [64]. Another two primer sets, Tri303F/Tri303R and Tri315F/Tri315R, targeting the  

Tri3 gene [28], were used to further characterize DON chemotypes of FGSC. Multiplex PCR assays 

developed by Wang et al. [65] were performed with primer pairs based on the sequence of Tri11 gene, 

a key enzyme in the pathway leading to T-2, DON, 3ADON, 15ADON, and NIV biosynthesis in  

Fusarium [66]. They would produce a 279 bp fragment for the 15ADON chemotype, a 334 bp 

fragment for the 3ADON chemotype, and a 497 bp for the NIV chemotype, respectively. 

3.3. DNA Sequencing 

For sequence analysis, PCR amplification of a partial region of EF-1α was carried out with primers 

EF1T and EF2T [31]. Primers TRI5F and TRI5R were used for the amplification of Tri5  

gene fragments [33]. 

PCR-amplified DNA fragments were excised from the gel and purified using an AxyPrep DNA Gel 

Extraction Kit (Axygen, Hangzhou, China) according to the manufacturer’s instructions. Purified PCR 

products were cloned into pMD T-Vector (TaKaRa, Japan) and sequenced by Shanghai Shenggong 

Biotechnological Ltd. 

3.4. Sequence Analysis and Phylogeny Reconstruction 

The sequences of the PCR products were aligned and edited with Clustal X 1.81 [67]. Phylogenetic 

relationships were reconstructed with MEGA4 software package [68] using Maximum Parsimony 

approach. No gap-containing positions were considered in phylogeny analysis. Bootstrap method used 

the heuristic search with 1000 replicates. 

3.5. In Vitro Carbendazim Sensitivity 

The sensitivity of all strains to carbendazim was measured as described [69]. Sensitive strains could 

not grow on PDA plates containing 1.4 μg/mL carbendazim, while resistant strains grew normally on 

this medium. 

3.6. Production of ZEN and DON 

The steriled wheat culture was inoculated with 10
4
 conidia of individual isolate and incubated at  

25 °C for 20 days. Then the wheat culture (10 g) was homogenized in 50 mL mixture of acetonitrile 

and water (90:10, v/v) using a tissue homogenizer. The homogenate was kept still for 30 min and 

filtered through Whatman NO.1 filter paper. The residue was re-extracted once with constant stirring 

for 30 min, each time with 50 mL acetonitrile-water (90:10, v/v). The combined filtrate was filtered 

through a 0.22 μm poly syringe filter before analysis by Liquid chromatography-mass spectrometry. 
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LC-MS was performed using HPLC (Agilent, Santa Clara, CA, USA) with a Eclipse XDB-C18 

(Agilent, Santa Clara, CA, USA), 3.5 μm column, 2.1 × 150 mm. Solvent A was 5 mM ammonium 

acetate in water, and solvent B was methanol. The program for ZEN and DON analysis was: 0–8 min, 

15% B; 8–16 min, 95% B; hold 95% B 8min; 16–24 min linear gradient from 95% B to 15% B; hold 

15% B for 1 min. Total runtime was 25 min. The flow rate was 0.2 mL/min. the drying gas nitrogen 

was set at a flow rate of 12 L/min at 300 °C. The mass spectrometer was operated in positive-ion mode. 

The instrument was tuned with ZEN and DON standard before analysis for optimum performance. 

4. Conclusions 

Members of FGSC could infect several crops and cause severe plant diseases which are big threat to 

cereal production and safety. This report contributes to an improved understanding of the species 

composition, chemotypes and genetic diversity within FGSC across Anhui and Jiangsu provinces in 

the eastern China. Our findings will be useful in monitoring any future changes in the plant pathogen 

related to mycotoxin production and for exploring appropriate strategies to control Fusarium-caused 

crop diseases in this region. 

Acknowledgments 

This work was supported by National Natural Science Foundation of China (31271988), National 

Special Project for Agro-product Safety Risk Evaluation of China (GJFP2014006), Key Project of 

Chinese National Programs for Fundamental Research and Development (2013CB127800), Special 

Fund for Agro-scientific Research in the Public Interest (201303016), Jiangsu Agriculture Science and 

Technology Innovation Fund CX (14)2126 and Jiangsu Social Development Program (BE2014738). 

Author Contributions 

Jianbo Qiu and Jianrong Shi designed the research, analyzed the data and wrote the manuscript. 

Jianbo Qiu performed the experiments. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Parry, D.W.; Jenkinson, P.; McLeod, L. Fusarium ear blight (scab) in small grain cereals—A 

review. Plant pathol. 1995, 44, 207–238. 

2. Desjardins, A.E.; Proctor, R.H. Genetic diversity and trichothecene chemotypes of the  

Fusarium graminearum clade isolated from maize in Nepal and identification of a putative  

new lineage. Fungal Biol. 2011, 115, 38–48. 

3. McMullen, M.; Jones, R.; Gallenberg, D. Scab of wheat and barley: A re-emerging disease of 

devastating impact. Plant. Dis. 1997, 81, 1340–1348. 

4. Miller, J.D.; Greenhalgh, R.; Wang, Y.; Lu, M. Trichothecene chemotypes of three Fusarium species. 

Mycologia 1991, 83, 121–130. 



Toxins 2014, 6 2305 

 

5. Peraica, M.; Radic, B.; Lucic, A.; Pavlovic, M. Toxic effects of mycotoxins in humans.  

Bull. World Health Organ. 1999, 77, 754–766. 

6. Bennett, J.W.; Klich, M. Mycotoxins. Clin. Microbiol. Rev. 2003, 16, 497–516. 

7. Pestka, J.J. Deoxynivalenol: Mechanisms of action, human exposure, and toxicological relevance. 

Arch. Toxicol. 2010, 84, 663–679. 

8. Jansen, C.; von Wettstein, D.; Schafer, W.; Kogel, K.H.; Felk, A.; Maier, F.J. Infection patterns in 

barley and wheat spikes inoculated with wild-type and trichodiene synthase gene disrupted 

Fusarium graminearum. Proc. Natl. Acad. Sci. USA 2005, 102, 16892–16897. 

9. Proctor, R.H.; Hohn, T.M.; McCormick, S.P. Reduced virulence of Gibberella. zeae caused by 

disruption of a trichothecene toxin biosynthetic gene. Mol. Plant Microbe Inter. 1995, 8, 593–601. 

10. Kuiper-Goodman, T.; Scott, P.M.; Watanabe, H. Risk assessment of the mycotoxin zearalenone. 

Regul. Toxicol. Pharm. 1987, 7, 253–306.  

11. Desjardins, A.E.; Proctor, R.H. Biochemistry and Genetics of Fusarium Toxins. In Fusarium Paul 

E. Nelson Memorial Symposium; American Phytopathological Society Press: St. Paul, MN, USA, 

2001. 

12. O’Donnell, K.; Kistler, H.C.; Tacke, B.K.; Casper, H.H. Gene genealogies reveal global 

phylogeographic structure and reproductive isolation among lineages of Fusarium graminearum, 

the fungus causing wheat scab. Proc. Natl. Acad. Sci. USA 2000, 97, 7905–7910. 

13. O’Donnell, K.; Ward, T.J.; Geiser, D.M.; Kistler, H.C.; Aoki, T. Genealogical concordance 

between the mating type locus and seven other nuclear genes supports formal recognition of nine 

phylogenetically distinct species within the Fusarium graminearum clade. Fungal Genet. Biol. 

2004, 41, 600–623. 

14. O’Donnell, K.; Ward, T.J.; Aberra, D.; Kistler, H.C.; Aoki, T.; Orwig, N.; Kimura, M.;  

Bjørnstad, Å.; Klemsdal, S.S. Multilocus genotyping and molecular phylogenetics resolve a novel 

head blight pathogen within the Fusarium graminearum species complex from Ethiopia.  

Fungal Genet. Biol. 2008, 45, 1514–1522. 

15. Sarver, B.A.J.; Ward, T.J.; Gale, L.R.; Karen, B.; Kistler, H.C.; Takayuki, A.; Nicholson, J.; 

Carter, J.; O’Donnell, K. Novel Fusarium head blight pathogens from Nepal and Louisiana 

revealed by multilocus genealogical concordance. Fungal Genet. Biol. 2011, 48, 1096–1107. 

16. Starkey, D.E.; Ward, T.J.; Aoki, T.; Gale, L.H.; Kistler, H.C.; Geiser, D.M.; Suga, H.; Varga, J.; 

Tóth, B.; O’Donnell, K. Global molecular surveillance reveals novel Fusarium head blight 

species and trichothecene toxin diversity. Fungal Genet. Biol. 2007, 44, 1191–1204. 

17. Xu, X.M.; Nicholson, P. Community ecology of fungal pathogens causing wheat head blight. 

Annu. Rev. Phytopathol. 2009, 47, 83–103. 

18. Gale, L.R.; Chen, L.F.; Hernick, C.A.; Takamura, K.; Kistler, H.C. Population analysis of 

Fusarium graminearum from wheat fields in eastern China. Phytopathology 2002, 92, 

1315–1322. 

19. Suga, H.; Karugia, G.W.; Ward, T.; Gale, L.R.; Tomimura, K.; Nakajima, T.; Miyasaka, A.; 

Koizumi, S.; Kageyama, K.; Hyakumachi, M. Molecular characterization of the  

Fusarium graminearum species complex in Japan. Phytopathology 2008, 98, 159–166. 



Toxins 2014, 6 2306 

 

20. Lee, J.; Chang, I.Y.; Kim, H.; Yun, S.H.; Leslie, J.F.; Lee, Y.W. Genetic diversity and fitness of 

Fusarium graminearum populations from rice in Korea. Appl. Environ. Microb. 2009, 75, 

3289–3295. 

21. Lee, J.; Kim, H.; Jeon, J.J.; Kim, H.S.; Zeller, K.A.; Carter, L.L.; Leslie, J.F.; Lee, Y.W. 

Population structure of and mycotoxin production by Fusarium graminearum from maize in 

South Korea. Appl. Environ. Microb. 2012, 78, 2161–2167. 

22. Qu, B.; Li, H.P.; Zhang, J.B.; Xu, Y.B.; Huang, T.; Wu, A.B.; Zhao, C.S.; Carter, J.;  

Nicholson, P.; Liao, Y.C. Geographic distribution and genetic diversity of Fusarium graminearum 

and F. asiaticum on wheat spikes throughout China. Plant Pathol. 2008, 57, 15–24. 

23. Desjardins, A.E. Fusarium. Mycotoxins: Chemistry, Genetics, and Biology; APS Press: St. Paul, 

MN, USA, 2006. 

24. Ryu, J.C.; Ohtsubo, K.; Izumiyama, N.; Nakamura, K.; Tanaka, T.; Yamamura, H.; Ueno, Y.  

The acute and chronic toxicities of nivalenol in mice. Fund. Appl. Toxicol. 1988, 11, 38–47. 

25. Ward, T.J.; Bielawski, J.P.; Kistler, H.C.; Sullivan, E.; O’Donnell, K. Ancestral polymorphism and 

adaptive evolution in the trichothecene mycotoxin gene cluster of phytopathogenic Fusarium.  

Proc. Natl. Acad. Sci. USA 2002, 99, 9278–9283. 

26. Desjardins, A.E.; Manandhar, H.K.; Plattner, R.D.; Manandhar, G.G.; Poling, S.M.; Maragos, C.M. 

Fusarium species from Nepalese rice and production of mycotoxins and gibberellic acid by 

selected species. Appl. Environ. Microb. 2000, 66, 1020–1025. 

27. Lee, T.; Oh, D.W.; Kim, H.S.; Lee, J.; Kim, Y.H.; Yun, S.H.; Lee, Y.W. Identification of 

deoxynivalenol and nivalenol producing chemotypes of Gibberella. zeae by using PCR.  

Appl. Environ. Microb. 2001, 67, 2966–2972. 

28. Jennings, P.; Coates, M.E.; Turner, J.A.; Chandler, E.A.; Nicholson, P. Determination of 

deoxynivalenol and nivalenol chemotypes of Fusarium culmorum isolates from England and 

Wales by PCR assay. Plant Pathol. 2004, 53, 182–190. 

29. Gale, L.R.; Harrison, S.A.; Ward, T.J.; O’Donnell, K.; Milus, E.A.; Gale, S.W.; Kistler, H.C. 

Nivalenol-Type populations of Fusarium graminearum and F. asiaticum are prevalent on wheat 

in Southern Louisiana. Phytopathology 2011, 101, 124–134. 

30. Kristensen, R.; Torp, M.; Kosiak, B.; Holst-Jensen, A. Phylogeny and toxigenic potential is 

correlated in Fusarium species as revealed by partial translation elongation factor 1 α gene 

sequences. Mycol. Res. 2005, 109, 173–186. 

31. O’Donnell, K.; Kistler, H.C.; Cigelnik, E.; Ploetz, R.C. Multiple evolutionary origins of the 

fungus causing Panama disease of banana: Concordant evidence from nuclear and mitochondrial 

gene genealogies. Proc. Natl. Acad. Sci. USA 1998, 95, 2044–2049. 

32. Stępień, Ł. The use of Fusarium secondary metabolite biosynthetic genes in chemotypic and 

phylogenetic studies. Crit. Rev. Microbiol. 2013, 402, 176–185. 

33. Stępień, Ł.; Gromadzka, K.; Chełkowski, J. Polymorphism of mycotoxin biosynthetic genes 

among Fusarium equiseti isolates from Italy and Poland. J. Appl. Genet. 2012, 53, 227–236. 

34. Yang, L.; van der Lee, T.; Yang, X.; Yu, D.; Waalwijk, C. Fusarium populations on Chinese 

barley show a dramatic gradient in mycotoxin profiles. Phytopathology 2008, 98, 719–727. 



Toxins 2014, 6 2307 

 

35. Zhang, J.B.; Li, H.P.; Dang, F.J.; Qu, B.; Xu, Y.B.; Zhao, C.S.; Liao, Y.C. Determination of the 

trichothecene mycotoxin chemotypes and associated geographical distribution and phylogenetic 

species of the Fusarium graminearum clade from China. Mycol. Res. 2007, 111, 967–975. 

36. Zhang, H.; Zhang, Z.; van der Lee, T.; Chen, W.Q.; Xu, J.S.; Yang, L.; Yu, D.; Waalwijk, C.; 

Feng, J. Population genetic analyses of Fusarium asiaticum populations from barley suggest a 

recent shift favoring 3ADON producers in southern China. Phytopathology 2010, 100, 328–336. 

37. Zhang, H.; van der Lee, T.; Waalwijk, C.; Chen, W.Q.; Xu, J.; Xu, J.S.; Zhang, Y.; Feng, J. 

Population Analysis of the Fusarium graminearum Species Complex from Wheat in China Show a 

Shift to More Aggressive Isolates. PLoS One 2012, 7, e31722. 

38. Kushiro, M.; Saitoh, H.; Sugiura, Y.; Aoki, T.; Kawamoto, S.; Sato, T. Experimental infection of 

Fusarium proliferatum in Oryza sativa plants; fumonisin B1 production and survival rate in grains. 

Int. J. Food Microbiol. 2012, 156, 204–208. 

39. Carter, J.P.; Rezanoor, H.N.; Desjardins, A.E.; Nicholson, P. Variation in Fusarium graminearum 

isolates from Nepal associated with their host of origin. Plant Pathol. 2000, 49, 452–460. 

40. Leslie, J.F.; Summerell, B.A. The Fusarium Laboratory Manual; Blackwell Professional: Ames, 

IA, USA, 2006. 

41. Müllenborn, C.; Steiner, U.; Ludwig, M.; Oerke, E.C. Effect of fungicides on the complex of 

Fusarium species and saprophytic fungi colonizing wheat kernels. Eur. J. Plant Pathol. 2008, 

120, 157–166. 

42. Yuan, S.; Zhou, M. A major gene for resistance to carbendazim, in field strains of Gibberella zeae. 

Can. J. Plant Pathol. 2005, 27, 58–63. 

43. Qiu, J.B.; Xu, J.H.; Shi, J.R. Molecular characterization of the Fusarium graminearum species 

complex in Eastern China. Eur. J. Plant Pathol. 2014, 139, 811–823. 

44. Karugia, G.W.; Suga, H.; Gale, L.R.; Nakajima, T.; Ueda, A.; Hyakumachi, M. Population 

structure of Fusarium asiaticum from two Japanese regions and eastern China. J. Gen. Plant Pathol. 

2009, 75, 110–118. 

45. Zeller, K.A.; Bowden, R.L.; Leslie, J.F. Diversity of epidemic populations of Gibberella zeae 

from small quadrats in Kansas and North Dakota. Phytopathology 2003, 93, 874–880. 

46. Burlakoti, R.R.; Neate, S.M.; Adhikari, T.B.; Gyawali, S.; Salas, B.; Steffenson, B.J.; Schwarz, P.B. 

Trichothecene profiling and population genetic analysis of Gibberella zeae from barley in  

North Dakota and Minnesota. Phytopathology 2011, 101, 687–695. 

47. Talas, F.; Parzies, H.K.; Miedaner, T. Diversity in genetic structure and chemotype composition 

of Fusarium graminearum sensu stricto populations causing wheat head blight in individual fields 

in Germany. Eur. J. Plant Pathol. 2011, 131, 39–48. 

48. Ramirez, M.L.; Reynoso, M.M.; Farnochi, M.C.; Torres, A.M.; Leslie, J.F.; Chulze, S.N. 

Population genetic structure of Gibberella zeae isolated from wheat in Argentina. Food Addit. 

Contam. 2007, 24, 1115–1120. 

49. Shen, C.M.; Hu, Y.C.; Sun, H.Y.; Li, W.; Guo, J.H.; Chen, H.G. Geographic distribution of 

trichothecene chemotypes of the Fusarium graminearum species complex in major winter wheat 

production areas of China. Plant Dis. 2012, 96, 1172–1178. 



Toxins 2014, 6 2308 

 

50. Ndoye, M.; Zhang, J.B.; Wang, J.H.; Gong, A.D.; Li, H.P.; Qu, B.; Li, S.J.; Liao, Y.C. Nivalenol 

and 15-acetyldeoxynivalenol Chemotypes of Fusarium graminearum Clade Species are Prevalent 

on Maize throughout China. J. Phytopathol. 2012, 160, 519–524. 

51. Boutigny, A.L.; Ward, T.J.; Ballois, N.; Iancu, G.; Ioos, R. Diversity of the Fusarium graminearum 

species complex on French cereals. Eur. J. Plant Pathol. 2014, 138, 133–148. 

52. Boutigny, A.L.; Ward, T.J.; van Coller, G.J.; Flett, B.; Lamprecht, S.C.; O’Donnell, K.;  

Viljoen, A. Analysis of the Fusarium graminearum species complex from wheat, barley and 

maize in South Africa provides evidence of species-specific differences in host preference. 

Fungal Genet. Biol. 2011, 48, 914–920. 

53. Desjardins, A.E.; Busman, M.; Manandhar, G.; Jarosz, A.M.; Manandhar, H.K.; Proctor, R.H. 

Gibberella ear rot of maize (Zea. mays) in Nepal: Distribution of the mycotoxins nivalenol and 

deoxynivalenol in naturally and experimentally infected maize. J. Agric. Food Chem. 2008, 56, 

5428–5436. 

54. Burlakoti, R.R.; Ali, S.; Secor, G.A.; Neate, S.M.; McMullen, M.P.; Adhikari, T.B. Genetic 

relationships among populations of Gibberella zeae from barley, wheat, potato, and sugar beet in 

the Upper Midwest of the United States. Phytopathology 2008, 98, 969–976. 

55. Wang, X.; Cui, Y.; Fan, F.; Song, Y.; Ren, J.; Meng, Q.; Xu, W.; Jiang, L. Phylogenetic, 

carbendazim sensitivity and mycotoxin genotype analyses of Fusarium graminearum complex 

species isolated from wheat Fusarium Head Blight in China. J. Phytopathol. 2010, 158, 576–578. 

56. Hardy, A.; Silva-Fernandes, A.; Speijers, G.; Hans, R.; Delcour, M.P.; Kuiper, H.; Führ, F.; 

Carere, A.; Richard-Molard, D.; Thomas, M. Opinion on the Relationship between the Use of 

Plant Protection Products on Food Plants and the Occurrence of Mycotoxins in Foods;  

European Commission Health and Consumer Protection Directorate-General: Brussels, Belgium, 

1999; Scientific Committee on Plants, SCP/RESI/063-Final. 

57. D’Mello, J.P.F.; Macdonald, A.M.C.; Briere, L. Mycotoxin production in a carbendazim-resistant 

strain of Fusarium sporotrichioides. Mycotoxin. Res. 2000, 16, 101–111. 

58. D’Mello, J.P.F.; MacDonald, A.M.C.; Postel, D.; Dijksma, W.T.P.; Dujardin, A.; Plactina, C.M. 

Pesticide use and mycotoxin production in Fusarium and Aspergillus. phytopathogens. Eur. J. 

Plant Pathol. 1998, 104, 741–751. 

59. Zhang, Y.J.; Yu, J.J.; Zhang, Y.N.; Zhang, X.; Cheng, C.J.; Wang, J.X.; Hollomon, D.W.;  

Fan, P.S.; Zhou, M.G. Effect of carbendazim resistance on trichothecene production and 

aggressiveness of Fusarium graminearum. Mol. Plant Microbe Inter. 2009, 22, 1143–1150. 

60. Kalampokis, I.; Doukas, E.G.; Markoglou, A.N. Effect of DMI-resistance on mycotoxin production 

and fitness parameters of Fusarium graminearum. In Proceedings of International Congress of 

Postharvest Pathology, Leida, Spain, 11–14 April 2011. 

61. Markoglou, A.N.; Vitoratos, A.G.; Doukas, E.G.; Ziogas, B.N. Phytopathogenic and 

mycotoxigenic characterization of laboratory mutant strains of Fusarium verticillioides resistant 

to demethylation inhibiting fungicides. In Proceedings of the DPG-BCPC 3rd International 

Symposium-Plant Protection and Plant Health in Europe, Berlin, Germany, 14–16 May 2009; 

Feldmann, F., Alford, D.V., Eds.; p. 195. 



Toxins 2014, 6 2309 

 

62. Becher, R.; Hettwer, U.; Karlovsky, P.; Deising, H.B.; Wirsel, S.G.R. Adaptation of  

Fusarium graminearum to tebuconazole yielded descendants diverging for levels of fitness, 

fungicide resistance, virulence, and mycotoxin production. Phytopathology 2010, 100, 444–453. 

63. Nicholson, P.; Simpson, D.R.; Weston, G.; Rezanoor, H.N.; Lees, A.K.; Parry, D.W.; Joyce, D. 

Detection and quantification of Fusarium culmorum and Fusarium graminearum in cereals using 

PCR assays. Physiol. Mol. Plant Pathol. 1998, 53, 17–37. 

64. Li, H.P.; Wu, A.B.; Zhao, C.S.; Scholten, O.; Löffler, H.; Liao, Y.C. Development of a generic 

PCR detection of deoxynivalenol and nivalenol chemotypes of Fusarium graminearum.  

FEMS Microbiol. Lett. 2005, 243, 505–511. 

65. Wang, J.H.; Zhang, J.B.; Chen, F.F.; Li, H.P.; Ndoye, M.; Liao, Y.C. A multiplex PCR  

assay for genetic chemotyping of toxigenic Fusarium graminearum and wheat grains for 

3-acetyldeoxynivalenol, 15-acetyldeoxynivalenol and nivalenol mycotoxins. J. Food Agric. Environ. 

2012, 10, 505–511. 

66. Alexander, N.J.; Hohn, T.M.; McCormick, S.P. The Tri11 gene of Fusarium sporotrichioides 

encodes a cytochrome P-450 monooxygenase required for C-15 hydroxylation in trichothecene 

biosynthesis. Appl. Environ. Microb. 1998, 64, 221–225.  

67. Thompson, J.D.; Higgins, D.G.; Gibson, T.J. CLUSTAL W: Improving the sensitivity of 

progressive multiple sequence alignment through sequence weighting, position-specific gap 

penalties and weight matrix choice. Nucleic Acid Res. 1994, 2222, 4673–4680. 

68. Tamura, K.; Dudley, J.; Nei, M.; Kumar, S. MEGA4: Molecular Evolutionary Genetics Analysis 

(MEGA) software version 4.0. Mol. Biol. Evol. 2007, 24, 1596–1599. 

69. Qiu, J.B.; Xu, J.Q.; Yu, J.J.; Bi, C.W.; Chen, C.J.; Zhou, M.G. Localisation of the benzimidazole 

fungicide binding site of Gibberella zeae β2-tubulin studied by site-directed mutagenesis.  

Pest. Manag. Sci. 2011, 67, 191–198. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


